As widely used pesticides, organophosphate, pyrethroid, and neonicotinoid insecticides have different modes of action. In the present study, we evaluated individual and joint acute toxicities of two organophosphates, two pyrethroids, and two neonicotinoids against the second-instar silkworm by feeding silkworm with the insecticide-treated mulberry leaves. 
In recent decades, pesticides have been increasingly used in the environment. Although new biological, chemical, and management technologies are continually being developed, pesticides will continue to be an essential tool in integrated pest management in future. It is becoming increasingly evident that pesticides have great potential damages to nontarget organisms and ecosystems in environment (Clark et al. 1993 , Margni et al. 2002 , Schulz et al. 2004 . Therefore, toxicities of pesticides to nontarget organisms have been intensively studied (Weyers et al. 2000; Datta et al. 2003; Feng et al. 2004; Stark et al. 2005; Kitulagodage et al. 2011; Oruc et al. 2012; Yu et al. 2012; Wang et al. 2012b Wang et al. , 2015 He et al. 2013; Mugni et al. 2013; Fang et al. 2014) .
Silkworm (Bombyx mori (L.)) (Lepidoptera: Bombycidae), a good test organism for ecotoxicological assessment, can be easily cultured in the laboratory, and it produces silk filament, playing an important role in sericulture industry in China. Sericulture, originated in China about 5,000 yr ago, is the major income source for sericulture farmers. In recent years, mulberry leaves have been often contaminated by a variety of insecticides or herbicides, which primarily drift from nearby crop fields and may be also due to the direct control of mulberry pests (Kuribayashi 1988 , Cui et al. 2003 . Although numerous ecotoxicological studies on silkworm have been carried out in recent years, most of them just focus on effects of single pesticides (Nath and Kumar 1999; Zhu et al. 2008; Luo and Zhang 2011; Yu et al. 2011 Yu et al. , 2012 . Moreover, the pesticide contaminants in environment are often found as mixtures, rarely as single compounds. Especially, a wide range of pesticide mixtures are used in China. Therefore, investigation of a single pesticide can not reflect the true toxicity of pesticide mixtures in natural environment. The joint toxicities of pesticide mixtures may be lower, equal to, or greater than the sum of the toxicities of single pesticides, which are correspondingly defined as antagonistic, additive, or synergistic, respectively (Marking 1985) . Therefore, it is very important to evaluate the combined toxic effects of pesticide mixtures. However, there are little data available on toxicities of pesticide mixtures against silkworm.
Organophosphate, pyrethroid, and neonicotinoid insecticides have been widely used around the world in order to control pests of vegetables, cotton, corn, tea, and fruit trees, accounting for about 20% of the global insecticide market. In the present study, we aimed to compare the joint toxicities of organophosphate, pyrethroid, and neonicotinoid insecticides, and several widely used insecticides were selected, including two organophosphates, two pyrethroids, and two neonicotinoids. Moreover, we investigated the single and joint acute toxicities of these pesticides and their 50:50 binary mixtures against silkworm. Our data provided valuable guidelines for use of pesticides in mulberry orchards, especially in those next to field crops.
Materials and Methods

Test Insects
The eggs of hybrid silkworm (Qiufeng Â Baiyu) were obtained from Sericultural Research Institute, Zhejiang Academy of Agricultural Sciences (Hangzhou, Zhejiang Province, China). Rearing conditions were maintained at 25 6 1 C, 75 6 5% relative humidity, and a photoperiod of 14:10 (L:D) h in the laboratory with standard rearing techniques. The larvae were fed with fresh nonpesticide treated mulberry leaves harvested from an irrigated mulberry orchard at Zhejiang Academy of Agricultural Sciences (Hangzhou, China).
Test Chemicals
In total, six pesticides were tested in this study, including two organophosphates (acephate and chlorpyrifos), two pyrethroids (cypermethrin and deltamethrin), and two neonicotinoids (imidacloprid and thiamethoxam). Table 1 shows the details of these pesticides. All these pesticides were separately prepared in acetone, and the concentration of stock solution for each insecticide was 5,000 mg/ liter. The 50:50 binary mixtures of imidacloprid-chlorpyrifos, imidacloprid-acephate, imidacloprid-deltamethrin, imidaclopridcypermethrin, thiamethoxam-cypermethrin, thiamethoxamdeltamethrin, thiamethoxam-chlorpyrifos, thiamethoxam-acephate, deltamethrin-chlorpyrifos, cypermethrin-chlorpyrifos, deltamethrinacephate, and cypermethrin-acephate were prepared using the insecticide stock solutions, and the concentrations of these 50:50 binary mixtures were 5,000 mg/liter. All stock solutions were stored at 4 C prior to further analysis. In order to obtain values of the lethal concentration 50 (LC 50 ) at 24, 48, 72, and 96 h after treatment, each stock solution was diluted to 8-11 test concentrations by tap water containing 0.1% Tween-80 (Shanghai Chemical Reagent Ltd., Shanghai, China) using calibrated micropipettes and volumetric flasks.
Experimental Procedures
Based on the methods recommended by the State Environmental Protection Administration of China (SEPAC 1990 , Chen et al. 1991 , Yu et al. 2011 , silkworms were exposed to pesticide-treated mulberry leaves using an improved method. Briefly, after dipped in insecticide dilutions of desired concentrations for 10 s, fresh mulberry leaves were then air-dried for a few minutes to evaporate water. Subsequently, the air-dried treated mulberry leaves were chopped into squares of $3 cm in length and width, and placed into the Petri dish (diameter of 9 cm). In total, 20 age-and size-matched silkworms were placed in each Petri dish. Silkworm larvae were fed with the treated mulberry leaves for 96 h, and the mortality was recorded at 24-, 48-, 72-, and 96-h postexposure. Three replicates (one dish per replicate) were conducted for each concentration. The cultural conditions were same as the above-mentioned rearing conditions. Simultaneously, the carrier controls for each insecticide and mixture of insecticides had an acetone and Tween-80 equivalent to the maximum volume of stock insecticide. For a valid test, the average mortality of controls should not exceed 5% at the end of the test.
Data Analysis
Mortalities of silkworms at 24-, 48-, 72-, and 96-h postexposure were adjusted by Abbott's formula (Abbott 1925) . The silkworm was considered dead when it failed to respond to a gentle mechanical touch on the body. The LC 50 values were determined using the DPS package (Tang and Zhang 2012) with probit analysis. A significant level of mean separation (P < 0.05) was set based on the lack of overlap between the 95% fiducial limits of two LC 50 values (Wang et al. 2012a ). The combination coefficients of binary mixtures of insecticides were analyzed according to the formula proposed by Smyth et al. (1969) as follows:
Q ¼ predicted LC 50 of mixture=observed LC 50 of mixture
Where Q is the combination coefficient; P a and P b are the proportions of component A and B in the mixture, which are 0.5 in this study. If the Q value was >2.7, the mixture indicated synergic effect; if the value was <0.4, the mixture showed antagonistic effect; and if the value was >0.4 and <2.7, the mixture had an additive effect (Meng 2000) . Toxicity grades of pesticides on silkworm were defined as extremely toxic (<0.5 mg/liter), highly toxic ( 
Results
Our data showed that the mortality rates of controls were below 5% in all acute toxicity tests (Tables 2 and 3) . Table 2 summarizes the acute toxicities of six single insecticides against silkworm, and Table 3 summarizes those of binary insecticides. We observed a concentration-dependent response from all tested compounds by lethal toxicity tests, and the survival rate was negatively correlated with the pesticide concentration. 44.45 (39.34-48.56 ) mg/liter, respectively. When the exposure time was prolonged, the acute toxicities of these insecticides against silkworm were accordingly increased, and, particularly, the acute toxicities of pyrethroid insecticide (deltamethrin) and neonicotinoid insecticide (imidacloprid) were significantly increased. Based on the LC 50 values of exposure time for 72 and 96 h, the toxicities of the six tested insecticides against silkworm were in an order as follows: acephate < chlorpyrifos < thiamethoxam < imidacloprid < cypermethrin < deltamethrin. This finding clearly revealed that the toxicity of the pyrethroids was the highest, whereas that of organophosphates was the lowest. According to the four toxicity grades as above-mentioned, acephate was categorized as moderately toxic, whereas chlorpyrifos, imidacloprid, thiamethoxam, and acephate were categorized as highly toxic to silkworm base on the 96-h LC 50 values. In contrast, cypermethrin and deltamethrin were categorized as extremely toxic to silkworm.
Toxicities of Six Single Insecticides Against Silkworm
Toxicities of 50:50 Binary Mixtures of Insecticides Against Silkworm
When the exposure time was prolonged, the acute toxicities of these mixtures against silkworm were accordingly increased, and, particularly, the acute toxicities of cypermethrin-chlorpyrifos, deltamethrin-chlorpyrifos, and thiamethoxam-chlorpyrifos were significantly increased. According to the four toxicity grades as abovementioned, the toxicities of the binary mixtures of imidacloprid-deltamethrin, thiamethoxam-deltamethrin, deltamethrin-acephate, deltamethrin-chlorpyrifos, and thiamethoxam-<cypermethrin were significantly greater than those of other mixtures. Table 4 lists the combination coefficient (Q) values of 50:50 binary mixtures of pyrethroid, organophosphate, and neonicotinoid insecticides. The combination coefficient values of all tested mixtures ranged from 0.36 to 3.37. According to the obtained Q values, binary mixture of deltamethrin-chlorpyrifos exhibited an antagonistic effect at 72-and 96-h postexposure, while such an effect became additive at 24-and 48-h postexposure. All binary mixtures displayed additive effects at other time points of exposure except for the binary mixtures of thiamethoxam-cypermethrin and deltamethrinacephate, which showed a synergistic effect at 24 h with a Q value of greater than 2.7.
Joint Effects of Binary Mixtures of Insecticides
Silkworm Toxicosis Symptoms
In the present study, we also investigated the behavioral responses of silkworm. After exposure to pyrethroid and organophosphate insecticides, the toxicosis symptoms of silkworm included stiffness of body in the shape of an "S" or "C", vomiting, and reduced feed intake. After exposure to neonicotinoid insecticides, the toxicosis symptoms of silkworm included tremors, shortened body, vomiting, and reduced feed intake. 
Discussion
As an efficient way to control insect pests, insecticides are frequently applied in mulberry gardens and agricultural fields surrounding mulberry gardens in China. Organophosphate insecticides are commonly used in China against insect pests because of their toxicological activities to a wide variety of organisms (Nath and Kumar 1999) . However, the indiscriminate use of these insecticides in the fields has brought a serious environmental problem, resulting in outright bans or limitations on the use of some insecticides (U.S.
Environmental Protection Agency [US EPA] 2000, 2001
; Luo and Zhang 2011; Feo et al. 2010) . Therefore, pyrethroids have become increasingly popular in the insecticide market due to their high efficiency, wide spectrum, low mammalian and avian toxicity, and biodegradability (Palmquist et al. 2012) . Moreover, neonicotinoid insecticides are invaluable tools against destructive crop pests, primarily including Hemiptera (aphids, whiteflies, and planthoppers) and Coleoptera (beetles; (Nauen and Denholm 2005) . Our study clearly demonstrated that pyrethroids (cypermethrin and deltamethrin) were extremely toxic to silkworm, which should be completely restricted in or near to mulberry gardens. In addition, the other tested insecticides just showed moderate or high toxicities to silkworm, which should be carefully used. The toxicities of insecticides might be different when using different test methods. The acute toxicities of insecticides against silkworm can be evaluated by feeding toxic mulberry leaves, topical application on the pronotum, contacting with toxic membrane, and so on (Sreenivas et al. 2002 , Zhu et al. 2006b . When the insecticides are mainly absorbed by the skin, methods of topical application on the pronotum and contacting with toxic membrane are used as the initial screening techniques to assess the relative toxicities of insecticides (Wu et al. 1996 , Grumiaux et al. 2010 . However, these methods fail to represent the stomach and systemic toxicities. In contrast, method of feeding toxic mulberry leaves is more representative of the natural environment of the silkworm, representing not only the stomach, systemic toxicities, but also the contact toxicity (Yu et al. 2012) . Therefore, such a method is more adequate when evaluating the toxicities of insecticides against silkworm.
Due to different action mechanisms and different target organisms, insecticides exert their toxicities to organisms in a species-independent manner (Heimbach 1984) , which might depend on their penetration capacities through biological membrane and interaction with the site of action (McFarland 1970) . Cypermethrin is highly toxic to aquatic organisms, such as the freshwater prawn Palaemonetes argentinus (96-h LC 50 ¼ 0.0020 lg/liter; Collins and Cappello 2006) and Hyalella curvispina (48-h LC 50 ¼ 0.066 lg/liter; Mugni et al. 2013) . Moreover, deltamethrin is also highly toxic to aquatic organisms, such as guppy (Poecilia reticulate; 48-h LC 50 ¼ 5.13 lg/liter; Rukiye et al. 2003) and fry rainbow trout (Oncorhynchus mykiss; 96-h LC 50 ¼ 0.696 lg/liter; Ural and Saglam 2005) . In the present study, we showed that the 96-h LC 50 values of two tested pyrethroids (cypermethrin and deltamethrin) against silkworm were 0.36 and 0.037 mg/liter (equivalent to 360 and 37 lg/liter), respectively, which were extremely toxic to silkworm. Our data suggested that pyrethroids (cypermethrin and deltamethrin) had greater toxicity to aquatic organisms compared with that to silkworm.
In the present study, the 96-h LC 50 values of two organophosphates (acephate and chlorprifos) against silkworm were 44.45 and 3.45 mg/liter, respectively, exhibiting moderate and extreme toxicities to silkworm, respectively. The toxicity of chlorpyrifos against silkworm was 12.9-fold greater than that of acephate at 96 h. Previous study has reported that the 48-h LC 50 value of acephate to Apocyclops borneoensis and Tigriopus japonicus was 216.3 mg/liter and 76.54 mg/liter, respectively (Li et al. 2008 ). The 96-h LC 50 value of chlorpyrifos to Cnesterodon decemmaculatus is 105.3 lg/liter (Paracampo et al. 2015) . Lanteigne et al. (2015) reported that imidacloprid is toxic to the amphipod Hyalella azteca with a 96-h LC 50 value of 0.0335 mg/liter. The 7-d LD 50 of imidacloprid to Japanese quail through oral administration is 30.25 mg/kg bw , and the dietary 8-d LC 50 value is 1,455.11 mg/kg feed, belonging to high-toxicity grade and low-toxicity grade, respectively (Deng et al. 2013) . In the present study, the 96-h LC 50 values of two neonicotinoids (imidacloprid and thiamethoxam) against silkworm were 1.27 and 2.38 mg/ liter, respectively, which were highly toxic to silkworm. These data showed that the toxicities of insecticides to organisms were highly species independent, and various insecticides within the same category exhibited different levels of toxicity.
However, the same insecticides may have different toxic effects against silkworm, which largely depends on silkworm species and size as well as insecticide formulations and producers. In the present study, we showed that the 96-h LC 50 value of imidacloprid and chlorpyrifos to second-instar silkworm larvae was 1.27 and 3.45 mg/liter, respectively. Luo et al. (2011) reported that the 96-h LC 50 value of imidacloprid against silkworm is 0.256 mg/liter. Moreover, the 48-h LC 50 value of chlorpyrifos to second-instar, third-instar, fourth-instar, and fifth-instar silkworm larvae is 1.11, 1.73, 3.48, and 4.12 mg/liter, respectively (Zhu et al. 2006a ). All these results are different, which may be related with the abovementioned factors. Therefore, consistency of these factors should be ensured in order to compare the toxicities of insecticides on different organisms.
Considering the control cost, two or more compounds might be mixed to obtain the best control effects, often leading to mixtures of contaminants in water and soil in the environment. Some studies have reported the joint toxicity of compounds to nontarget organisms (Faust et al. 2001; Zhang et al. 2008 Zhang et al. , 2010 Tatum et al. 2011; He et al. 2013 ). For instance, Zhang et al. (2008) found that binary mixtures of organophosphorus and pyrethroid insecticides have additive effects to silkworm, except for the binary mixture of etramethrin-dichlorvos, which shows an antagonistic effect. Tatum et al. (2011) addressed that 23 different herbicide mixtures primarily exhibit antagonistic or simple additive toxicity to Ceriodaphnia dubia and fathead minnows (Pimephales promelas). However, He et al. (2013) documented that three chloroacetanilide herbicides have antagonistic toxicities to a freshwater cladoceran. These findings suggested that the joint effects of these mixtures might be additive, antagonistic, or synergistic, which are highly related to the mechanisms of joint action of toxicants to organisms (Boedeker et al. 1992) . Normally, the effect of mixtures is considerably higher than that of the individual component, when the mixture components have similar mode of action (Junghans et al. 2003) . Pesticides tested in the present study are widely used with different modes of action. Results showed that the most of these binary mixtures displayed additive effects to silkworm. Nevertheless, the mixture of deltamethrin-chlorpyrifos showed antagonistic effects. In addition, different modes of action and other unspecific sites or dissimilar toxicokinetic characteristics (Faust et al. 2001 ) should be investigated in further studies.
As the first step in safety assessment of pesticides, acute toxicity studies are of great significance for safe application of pesticides, which can also provide references on dosage design of chronic, subchronic toxicity tests, and mechanism studies. More studies are required in order to comprehensively evaluate the safety of pesticides to silkworm, such as the pesticide degradation on mulberry leaves, cumulative poisoning in silkworm, sublethal effects of pesticides on silkworm, and so on. In recent years, a great deal of attention has been paid to the sublethal effects of pesticides on nontarget organisms, such as silkworm (Zhu et al. 2006b Luo et al. 2011) , fish (Elskus 2012 , Yang et al. 2014 , honeybee (Desneux et al. 2007 , Schneider et al. 2012 , daphnia (Toumi et al. 2013) , amphibian (Herná ndez et al. 2014) , freshwater mussel (Khazri et al. 2015) , and so on. More and more studies have shown that sublethal dosage of pesticides can change biological characteristics, economic characters, and nutrient utilization efficiency of organisms, including the effect of pesticides on physiological metabolism, tissue, organ, and cell culture of silkworm (Nath 2002 , Satyanarayan et al. 2004 , Kö prü cü et al. 2006 , Ma et al. 2013 , Wu et al. 2014 . Taken together, it is necessary to perform further studies in order to provide scientific guidelines for reasonable use of pesticides based on acute toxicity results obtained in the present study.
